concentration of a second transcription factor that binds the DNA near 9 (or perhaps farther away from) the RE of the first transcription factor. DNA binding by this second transcription factor will allosterically affect the relative distribution of the RE ensemble.
Numerous studies have addressed the relationship between RE sequences, their affinities and their associated functions. These efforts did not, however, provide a clear picture; first, even the gold standard, a consensus DNA sequence, presents a statistical picture; and second, solution binding-affinity experiments are carried out in the absence of other protein factors (Fig. 1a) . Cell-based assays can also present a problem: transcription and electrophoretic mobility shift experiments reflect the presence of protein factors at certain steady-state concentrations only (for example, Fig. 1b,  or Fig. 1c, or Fig. 1d , but not fluctuating between the figures)-and consequently do not provide information regarding fluctuating cellular conditions. Recent studies of the tumor suppressor p53 are a case in point. In vitro experiments measuring the binding affinities of tetrameric p53 for 20 of its response elements (REs) revealed up to 50-fold differences: REs of genes involved in cell cycle arrest and DNA repair and some apoptotic genes bound with higher affinity; and all of the lower-affinity binding sites were in genes involved in apoptosis 10 . This implied that although differential affinity is a major factor in functional control, additional factors are also important 11 . This was supported by observations including the and adapt to changes, and consequently the fluctuating cellular environment should be a key factor in the selection of specific REs. Cells respond to environmental changes by altering the concentrations of specific proteins (and RNAs) and their patterns of post-translational modifications. Because these proteins function by binding to partner proteins such as transcription factors and allosterically changing the conformations of these partners, changes in the relative concentrations of the original proteins will affect the distributions of their partners' conformations [2] [3] [4] [5] [6] .
Taking all of these points into consideration, we argue here for a 'different' view of RE recognition and selectivity: transcription factor proteins exist as dynamic ensembles of molecules in different conformational states, with different DNA-binding properties. Fluctuating cellular conditions alter the relative concentrations of protein factors that bind to the protein transcription factor. These changes then, through allosteric regulation, affect the relative distribution of the individual conformational states in the ensemble, increasing (or decreasing) certain conformations of the transcription factor 7, 8 ; the presence of a higher population of a transcription factor conformation that is compatible with the sequence of certain RE will direct the transcription factor to bind to it [2] [3] [4] [5] [6] , whereas a higher population of another conformation will direct it to another RE. Similar arguments hold for DNA, which also exists in a dynamic ensemble: fluctuating cellular conditions may lead to a higher Transcription activation, repression and modulation rest on the binding of transcriptional control proteins to their specific DNA binding sites. Given that the DNA sequences of transcription factor binding sites-the response elements (REs)-are degenerate, how does a transcription factor 'select' specific binding sites among the numerous similar binding sites present in the genome? Appropriate RE selection is vital because through this choice the protein can activate, repress or modulate the expression of different genes 1 . If the affinity for a specific RE sequence is strong, the transcription factor will bind it; however, the differences in affinities among REs are often minor. Current attempts to address this question have largely focused on RE sequence variability. Conceptually, such an explanation implicitly assumes that RE selection is self-contained and independent of potentially drastic changes in cellular environment. Yet, RE selection is a major means through which cells respond How do transcription factors select specific binding sites in the genome?
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How does a transcription factor select a specific DNA response element given the presence of degenerate sequences? To date, this question has largely been viewed from the standpoint of DNA sequence variability and transcription factor binding affinity under steady-state conditions. Here we propose that to address this problem, it is also necessary to account for fluctuating cellular conditions. These lead to dynamic changes in the ensemble of protein (and DNA) conformational states via allosteric effects.
DNA metastable states also consist of ensembles of discrete microstates. Dynamic chromatin remodeling events and binding of additional transcription factors, as in the enhanceosome 9 , to cis-regulatory DNA sequences upstream and/or downstream can elicit allosteric effects 16, 17 shifting the RE ensemble, as has been shown for the human BAX promoter 18 . The REs of transcriptional control proteins are embedded in dynamic enhancers containing binding sites for additional transcription factors 9 and are thus expected to display allosteric effects. The well-studied virus-inducible IFN-β enhancer presents a striking example: there are no major protein-protein interaction surfaces between the DNA-binding domains, suggesting cooperative DNA perturbation.
We present two examples that may turn out to provide further experimental support for these ideas. p53-induced apoptosis is enhanced in the presence of ASPP1 or ASPP2, increasing the p53 affinity for proapoptotic REs 19 . Despite having high sequence similarity to ASPP, iASPP inhibits p53-dependent induction of proapoptotic genes, suggesting a possible inhibition mechanism whereby iASPP alters p53RE binding. A recent NMR study observed that the p53 interaction interface for the proapoptotic ASPP2 is distinct from that for the antiapoptotic iASPP: ASPP2 binds the p53 DNA-binding domain, whereas iASPP largely interacts with a linker region there are large fluctuations in A 1 , A 2 , A 3 and B 1 , B 2 , B 3 . Binding of A 1 (A 2 ,...) to TC allosterically shifts its ensemble (Fig. 2) 14 toward specific RE binding-compatible conformers (in Fig. 1b , preferred binding to RE3; in Fig. 1c, to RE2 ). Binding reflects protein factor concentration, affinity and TC conformer concentration. This illustrates the problems of extending conclusions from in vitro affinity assays to in vivo conditions. In vivo, protein factors undergo large fluctuations responding to cell cycle, stress, repression and activation (fluctuating among Figs. 1b-d) ; this is not the case in vitro (compare Fig. 1b to Fig. 1c or Fig. 1d) . (Fig. 1d) , and such allosteric signals can travel nanoscale distances 15 .
Proteins are dynamic; however, DNA is not rigid either 16 . Like those of proteins, facts that some cells respond to activation by entering cell cycle arrest, whereas others undergo apoptosis; that post-translational modification and subcellular localization of p53 are important in p53-mediated activation and repression; and that some protein factors, such as p300, are critical for certain processes, like cell cycle arrest. Riley et al. 1 clearly illustrated a relationship between the REs and p53 function: almost all p53-activated genes present at least one putative DNA-binding site that moderately matches the consensus p53 RE. Yet no clear trend has emerged distinguishing a transcriptional-activator RE sequence from a repressor RE. The estrogen response element (ERE) 12 and the peroxisome proliferator-activated receptors 13 PPAR-γ and RXR-α provide additional examples. Here we propose that the dynamic change in the concentrations of the protein factors alters the distribution of the transcriptional control protein conformational ensemble, leading to preferential RE binding. We further note that cellular conditions such as stress may also be key to specificity, as with p53, and we emphasize that our focus here is on only one mechanistic transcriptional RE-selection scenario.
We call the different protein factors that bind directly to the transcription control protein (TC) A 1 , A 2 , A 3 , etc., and those interacting indirectly B 1 , B 2 , B 3 , etc. The TC preferentially binds RE1 (Fig. 1a) . In vivo, co m m e n ta ry for simplicity we have focused here on modulation by protein factors, other events are well known to contribute in similar ways, foremost among them post-translational modifications (such as phosphorylation, acetylation and methylation), smallmolecule binding and mutational events. Fluctuations and dynamics are key to the understanding of molecular and cellular scale events [2] [3] [4] 14, 25, 26 ; and this holds for all processes in living systems. a cellular standpoint this leads to higher efficiency and tighter control. Yet from the molecular standpoint it presents a challenging problem-and the more proteins a network hub can potentially bind, the more complex the problem becomes: how are selectivity and specificity introduced? This is particularly challenging when the differences in affinity are marginal, a situation often encountered in regulation. The strategy adopted by evolution may be general: conformational dynamics that is modulated by proteins whose concentrations are under tight control. Binding of proteins to ligands always leads to population shifts 7, 8, 23 . Isoforms of transcription control proteins may simulate similar effects (Fig. 2) . To explain selective RE binding, we propose that mechanistically, protein factors that bind to a transcriptional control protein change its dynamic energy landscape 3, 4, 24 , thus increasing populations favored to bind a specific response element. Experiments reproducing large fluctuations in the concentrations of the protein factors may better capture a relationship between these, the RE sequence and functional consequences. We note that, although adjacent to this domain 20 . Binding of ASPP2 to p53 shifts the conformational ensemble of p53 toward a state that is favorable for binding a proapoptotic RE, whereas binding of iASPP shifts the p53 ensemble toward a conformation favorable for binding an antiapoptotic RE. However, further insights into the mechanisms by which ASPP2 acts on p53 are needed to confirm this.
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The second example relates to allostery via REs. Hormones regulate the nuclear hormone receptors through dynamic changes in the receptor ensemble 21 . Large cavities in nuclear receptors such as PPARs and LXRs can bind distinct ligands with minor conformational changes, as demonstrated for PPAR-γ 13 . Upon hormone binding, the receptor associates with high affinity with specific REs. For the glucocorticoid receptor (GR), binding REs differing by even a single base pair differentially affects the receptor's conformation and function, showing that REs may act as sequence-specific allosteric ligands of GR 22 .
Increasing complexity in organisms may lead, from an evolutionary standpoint, to a better-orchestrated cellular network. From co m m e n ta ry
